The dispersion behavior of circumferential creeping waves around a fluid-filled cylindrical cavity in an infinite elastic medium is analyzed by computational methods. Phase and group velocity as well as attenuation curves are constructed by numerically solving the dispersion equation. A comparison of the corresponding modes for elastic and rigid hosts is presented. The modes in both cases exhibit essentially the same series of cutoff frequencies corresponding to radial resonances at which the phase velocity of the associated modes becomes infinite and the group velocity assumes a limiting value of c f /2, where c f is the compressional wave velocity in the fluid. Attenuation of the circumferential creeping modes in a cylindrical cavity is caused solely by losing energy to the surrounding elastic bulk. Therefore, for all modes, the attenuation diminishes at high frequencies as leakage into the surrounding solid becomes negligible. This is in sharp contrast with the case of leaky Rayleigh wave propagation along the plane surface of a solid-fluid interface where attenuation is caused solely by radiation of energy into the fluid, which causes the frequency to have an opposite effect on the degree of leakage in these situations.
INTRODUCTION
Recently, the development of a novel ultrasonic inspection technique that detects radial fatigue cracks on the far side of so-called ''weep'' holes in thin airframe stiffeners was reported.
1 These cracks tend to be located on the upper part of the weep hole ͑at the 12 o'clock position͒ and therefore are not readily detectable by conventional ultrasonic inspection techniques from the lower skin of the wing. The new technique utilizes circumferential creeping waves propagating around the inner surface of the hole to perform the inspection. However, the wet wing has to be emptied and dried out before inspection because even a small amount of fluid fuel trapped in these rather small ͑approximately 6-7 mm in diameter͒ holes would strongly affect the propagation of circumferential creeping waves. 2 We have searched the literature for published results on circumferential creeping wave propagation around fluid-filled cylindrical cavities in elastic media. Surprisingly, although the analytical solution of this canonical problem can be readily constructed from existing building blocks, very little was found in terms of numerical results that could be used to gain better understanding of the phenomenon. This motivated us to attack the problem by numerically solving the dispersion equation and constructing the corresponding dispersion and attenuation curves for a specific case of interest, namely, for that of a water-filled cylindrical hole in aluminum.
The problem of acoustic wave propagation along the interface of a solid half-space in contact with a fluid halfspace is well understood ͑see, for example, the paper of Bertoni and Tamir 3 and the references in it͒. If the velocity of the Rayleigh wave propagating on the free surface of the solid half-space is higher than the sound velocity in the fluid the fluid-loaded Rayleigh mode becomes leaky into the fluid, i.e., it radiates some of its energy into the fluid as it propagates. For curved surfaces, Keller and Karal 4, 5 introduced the geometrical theory of surface waves, which provides a highfrequency asymptotic approximation for surface waves under fairly general conditions. Grimshaw 6 and Gregory 7 also investigated the propagation of Rayleigh waves on free curved surfaces at high frequencies. The problem of dispersive Rayleigh wave propagation on both convex and concave cylindrical surfaces was solved by Rulf. 8 As for fluid loading, extensive literature is available on the exterior problem, i.e., on elastic waves propagating around solid cylinders and spheres immersed in fluid. [9] [10] [11] In these cases, the coupling between the fluid and the solid is relatively weak because of the usually large difference between their acoustic impedance. Of course much stronger acoustic coupling occurs when the solid rod or sphere is substituted by a thin shell. The problem of elastic waves running around air-filled elastic shells submerged in fluid has been extensively investigated by Gaunaurd, Werby, Ü berall and others. [10] [11] [12] [13] [14] [15] [16] [17] Kaduchak and Marston evaluated the surface displacement of a cylindrical shell insonified by plane waves perpendicular to the shell's axis of symmetry. 18 They mathematically decomposed these displacements into circumferential traveling waves propagating in opposite directions and presented phase and group velocity curves for the resulting Lamb-type circumferential waves ͓Fig. 5͑a͒ in their paper͔. Optical visualization of the diffraction of a longitudinal pulse by a cylindrical cavity in an optically transparent solid was discussed and presented by Ying. 19 From the point of view of energy partition, there are two types of circumferential waves that can propagate around a fluid-filled cylindrical hole in an elastic host, namely whispering gallery modes that carry most of their energy in the fluid and a Rayleigh-type mode that propagates essentially in the solid. Whispering gallery or halo modes in air were first discussed by Lord Rayleigh. 20 According to the classical physical explanation based on ray theory, such modes are produced by the repeated reflection of the compressional bulk wave in the fluid at the cylindrical wall. With respect to air the solid host can be assumed to be an ideally rigid perfect reflector so that these modes are not attenuated at all and carry their energy entirely within the fluid. For an elastic host, the circumferential modes are slightly attenuated as some of their energy leaks into the solid. The Rayleigh-type circumferential mode is the interface wave propagating around the fluid-filled surface of the cavity, which carries most of its energy on the solid side. The Rayleigh mode becomes dispersive on any curved surface. In addition, on concave surfaces, it also becomes attenuated as some of its energy is leaked into the solid host. 8, 17 With fluid loading on the inside of the cylindrical hole, the dispersive Rayleigh mode becomes leaky into the fluid as well, which changes its propagation properties very significantly. To the best of our knowledge, the resulting mode coupling between the Rayleigh-type surface mode and the whispering gallery type halo modes has not been investigated before. Longitudinal wave scattering from fluid-filled cylindrical holes was studied experimentally in great detail by Sachse et al. [21] [22] [23] However, in spite of the fairly strong acoustical coupling between the solid host and the fluid within the hole, their results did not show the presence of a Rayleigh-type surface mode propagating around the hole as the longitudinal mode in the solid is but very weakly coupled to this mode. We have found that vertically polarized ͑normal to the axis of the hole͒ shear waves are much more strongly coupled to the Rayleigh-type modes and generate relatively weaker whispering gallery modes in the fluid.
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It should be mentioned that Solomon et al. studied resonance scattering of elastic waves from fluid-filled cylindrical cavities. 24 They first mathematically formulated the scattered wave field for both empty and fluid-filled cylindrical cavities, then subtracted the real and imaginary parts of the scattered field amplitudes for the empty cavity from the corresponding quantities for the fluid-filled case. Finally, the results were converted to dispersion curves displayed in Fig. 11 in their paper. Of course these curves do not display the effect of the elastic host on the circumferential elastic waves, since the subtraction process essentially eliminates this effect and produces the results for the case of a fluid-filled cylindrical cavity in an infinitely stiff host in spite of starting out with an elastic host ͑aluminum͒.
The complete analytical solution for elastic waves propagating around free convex and concave surfaces was first obtained by Rulf who presented the exact analytical form of the dispersion equation describing the propagation of the Rayleigh-type circumferential wave around a cylindrical cavity in an infinite elastic medium. 8 In this paper, the dispersion equation of circumferential waves around a concave fluid-loaded cylindrical surface will be first presented based on Rulf's approach. This general equation will then be specialized for the case of a fluid-filled cylindrical cavity in an infinitely stiff , i.e., rigid host which will provide a check on our results as we compare them to published data. 20, 24 Finally, dispersion and attenuation curves for a fluid-filled cylindrical cavity in an elastic host will be calculated and discussed with particular attention paid to the cutoff frequencies and the high-frequency asymptotic behavior of the different modes. Figure 1 shows the schematic diagram of a fluid-filled cylindrical cavity in a solid host and the coordinate system. The physical properties of the fluid and the elastic host along with the field variables in them will be distinguished by subscripts f and h respectively. The boundary conditions require the continuity of the normal stress and displacement components and the vanishing of the tangential stress component, which gives
I. THEORETICAL BACKGROUND
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where (1) denotes the first kind Hankel function of order . Substituting these formal solutions of the cylindrical wave equation into Eq. ͑1͒, the boundary conditions can be expressed in the matrix form of QAϭ 0, where the elements of the secular matrix Q are listed in Ref. 8 . For a fluid-filled cylindrical cavity in an elastic host, the characteristic equation is given as ͉Q͉ϭ0. For the case of a fluid-filled cylindrical cavity in a rigid host the characteristic equation reduces to Q 31 ϭ0 which was originally derived by Lord Rayleigh.
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II. NUMERICAL RESULTS AND DISCUSSION
The dispersion equations for the cases of a cylindrical cavity filled with fluid in elastic and infinitely stiff hosts were introduced in the previous section. These two equations were solved numerically using Mathematica Version 2.2.3. Our calculations have been made for the case of a waterfilled cylindrical cavity in aluminum. The density of aluminum was taken as h ϭ2.7ϫ10 3 kg/m 3 and it's Lamé constants as h ϭ5.52ϫ10 10 N/m 2 and h ϭ2.6ϫ10 10 N/m 2 . These parameters give the speeds of the longitudinal and shear waves as c d ϭ6301 m/s and c s ϭ3103 m/s, respectively. The density and Lamé constant of water were assumed to be f ϭ10 3 kg/m 3 and f ϭ2.25ϫ10 9 N/m 2 , respectively, which give the compressional wave speed as c f ϭ1500 m/s. Of course no shear waves can propagate in the inviscid fluid ( f ϭ0).
The dispersion equations were solved for the angular wave number , which is a complex quantity in general, as a function of the normalized frequency ⍀ϭs h aϭa/c s . First, the dispersive phase velocity was calculated as c p ()ϭa/Re͕͖, then the group velocity is obtained by numerical differentiation from
The attenuation coefficient of the circumferential mode is ␣ϭIm͕͖/a. The normalized attenuation was calculated as the total attenuation over the semi-circumference of the cylindrical hole, i.e., ␣ n ϭ8.686Im͕͖ in dB. Figure 2 shows the dispersion curves of the first 12 circumferential modes propagating around a cylindrical cavity in an elastic host ͑solid line͒. The phase velocity is normalized with respect to the compressional wave velocity in water ͑1500 m/s͒ and is plotted as a function of the normalized frequency. In order to point out the effects of the acoustic loading of the elastic host on the free vibrations of the fluid column, we also plotted in dashed lines the corresponding modes of a fluid-filled cylindrical cavity in a rigid medium. Generally, the modes for the elastic host very closely follow the corresponding modes for the rigid host. The acoustic loading of the elastic host causes strong perturbation of the mode structure only in a narrow band where the phase velocity of the whispering gallery modes coincides with the phase velocity of the Rayleigh-type surface wave running around the inside surface of the cylindrical hole. The dashdot-dash line represents this dispersive Rayleigh mode for the case of a free cylindrical hole in an elastic medium. An obvious feature of the curves displayed in Figure 2 is the repulsion of the modes of the fluid-filled cylindrical cavity in an elastic medium ͑the highlighted parts of the solid curves͒. These highlighted portions of the modes seem to form a discontinuous leaky Rayleigh-type surface mode, that follows the well-known dispersive leaky Rayleigh mode that would propagate around the free surface of the cylindrical hole in the same elastic medium. Mode repulsion is a common feature of guided wave propagation in acoustically coupled systems. In our case it means that in the region where the modes of the unloaded fluid column ͑in a rigid host͒ would cross the unloaded Rayleigh mode ͑on the free surface of the cylindrical hole in the elastic medium͒ the modes of the loaded case ͑fluid-filled hole in an elastic host͒ jump to the next higher order mode of the unloaded fluid column, thereby forming the branch that follows the Rayleigh mode instead of directly crossing it. Resonances within the fluid column and the attenuation mechanism associated with the circumferential waves propagating around the cavity will be discussed in more detail later in this section after the presentation of the attenuation and group velocity curves.
A. Phase velocity
The high-frequency behavior of the four lowest order modes is shown in Fig. 3 . As the frequency increases, all modes but the lowest order ͑zeroth͒ are approaching the same asymptotic value of unity for both elastic and rigid hosts. In other words, in the high-frequency limit these modes asymptotically approach the compressional wave in the fluid. In contrast, the zeroth order mode for the elastic host asymptotically approaches the Scholte-Stoneley mode, which has a slightly lower velocity than the compressional mode in the fluid depending on the degree of the acoustic coupling between the fluid and the solid. This phenomenon is similar to the high-frequency asymptotic behavior of Lamb waves propagating in plates, where the lowest order symmetric and asymmetric modes approach the Rayleigh surface wave velocity while all the higher order modes approach the somewhat higher bulk shear wave velocity. It should be mentioned that the difference between the compressional fluid velocity and the Scholte-Stoneley interface wave velocity for an aluminum-water interface is less than 0.3%, more than one order of magnitude smaller than the approximately 6% difference between the shear bulk wave velocity and the Rayleigh surface wave velocity for aluminum. The eigenvalues of the secular determinant for ϭ0 define a series of cutoff frequencies at which the phase velocity of the corresponding modes becomes infinite. This observation was first reported by Rayleigh 20 in connection with the free vibrations of a cylindrical fluid column in a rigid host. Solomon et al. 24 also reported similar results using resonance scattering techniques. The phase velocity of the first mode for a fluid-filled hole in a rigid host becomes infinite at very low frequencies ͑zero represents the cutoff frequency for this mode͒. As the frequency increases, the phase velocity starts to decrease until a normalized frequency of about 2.4 is reached, where it is still in a very good agreement with the corresponding first mode for the case of the rigid host. Increasing the frequency any further results in a local increase of the phase velocity until it reaches a maximum close to the next higher order mode associated with the rigid host. Above this local peak any additional increase in the frequency will cause the phase velocity to decrease again as the mode follows the next higher order mode of the rigid host. The agreement between the two curves becomes better and better as the frequency increases until they both reach the same high-frequency asymptotic limit. The lowest order mode which follows the Rayleigh mode at very low frequencies reaches a local maximum at about 2.4, where it starts to decrease with increasing frequency. This mode essentially follows the first mode associated with the rigid host but stays below it and eventually approaches the Scholte-Stoneley velocity at very high frequencies.
B. Attenuation
The normalized attenuation coefficient ␣ n is shown in Fig. 4 as a function of the normalized frequency. For all modes we notice that the attenuation is very small at low frequencies. As the frequency increases, the attenuation increases until it reaches a maximum, after which any further increase in the frequency results in a reduction in the normalized attenuation and the attenuation coefficient eventually asymptotically goes to zero. All the higher order modes start at their respective cutoff frequencies with a normalized attenuation of approximately 1.6 dB. In the next section, we shall demonstrate that at the cutoff frequencies the fluid column undergoes diagonal vibrations. These resonances are obviously damped by transmission into the solid host at each interaction. It is interesting to point out that the 1.6 dB normalized attenuation at the cutoff frequencies is in good agreement with the 1.5 dB reflection loss predicted using the simple formula for calculating the reflection loss for the case of normal incidence of plane waves on a plane wateraluminum interface.
Except for the lowest order mode, which follows the Rayleigh mode at low frequencies, the peaks of the attenuation curves decrease as the mode number increases. The dash-dot-dash line in Fig. 4 represents the attenuation curve for the case of a free cylindrical cavity in an elastic medium. This curve constitutes an upper limit for the attenuation coefficient in the case of the fluid-filled cylindrical cavity. The peaks for the fluid-filled case approximately follow the pattern of the smooth attenuation curve for the free case. Of course the modes of the fluid-filled cylindrical cavity in a rigid host are not attenuated. 
C. Group velocity
The group velocity represents the speed at which energy propagates from one point on the circumference of the cavity to another. Figure 5 shows the normalized group velocity curves for a water-filled cylindrical cavity in an ideally rigid medium and in aluminum. Equation ͑2͒ was used to generate this figure from the phase velocity dispersion curves previously shown in Fig. 2 . Several features associated with Fig. 5 are worth noting. First, for the case of an infinitely stiff medium, we notice that the group velocity curves start at certain cutoff frequencies that are given as the roots of the corresponding dispersion equation in the limiting case of →0. Except for the first mode, the group velocity of each mode has the same magnitude at their respective cutoff frequencies. This constant limit of the group velocity is c f /2, which is also shown in Fig. 5 by the horizontal dash-dot-dash line. In the case of a rigid host the characteristic equation 20, 24 simplifies to J Ј(ap f ) and it can be proven mathematically that c f /2 is the limiting value for the group velocity. In general, the group velocity can be calculated from c g ϭd/dk. For the nth mode, the cutoff frequency is n ϭ j ,n Ј c f /a, where j ,n Ј is the nth positive zero of J Ј . Also the wave number k is given as kϭ/a, therefore the group velocity can be expressed as follows
For small values of and large orders of n it can be shown 25 that ‫ץ‬ j v,n Ј ‫,2/→ץ/‬ i.e., the normalized group velocity indeed approaches a limiting value of /2 at the cutoff frequencies. The physical explanation is even simpler. Infinite circumferential phase velocity corresponds to a pure radial resonance, i.e., the energy actually oscillates diagonally over a distance of 2a with the compressional wave velocity of c f . However, the group velocity is calculated from the circumferential wave number by using Eqs. ͑2͒ and ͑3͒, i.e., by measuring the propagation distance along the perimeter of the cylindrical hole, which is /2 times higher than the propagation distance within the fluid. Accordingly the group velocity along the longer semi-circumferential distance is /2 higher. The radial resonance interpretation of the infinite circumferential phase velocity provides an easy and direct approach to evaluate the limiting value of the group velocity. Generally, infinite phase velocity in a given direction corresponds to energy propagation normal to that direction. Therefore, in the more familiar case of a plane interface, the group velocity is zero along the boundary at the cutoff frequencies. The solid lines in Fig. 5 represent the group velocity curves for the case of a water-filled cylindrical cavity in aluminum. It is clear that all modes except for the lowest order ͑zeroth͒ start from the same cutoff frequency as the corresponding mode in the case of the rigid host. As the frequency increases the group velocity for the fluid-filled cylindrical cavity in an elastic medium starts to deviate from that of the corresponding mode in an ideally rigid host. The former starts to increase until it reaches a local maximum, after which it starts to decrease again approaching the next higher order mode associated with the rigid host case. For high frequencies that correspond to short wavelengths, we see that the normalized group velocities of the modes for both cases being investigated approach the same limiting value of unity, i.e., the energy at high frequencies propagates around the hole at a group velocity equal to the compressional wave velocity in the fluid.
Special attention has to be paid to the behavior of the first order mode in the case of the cylindrical cavity in a rigid host. We notice that, unlike all other modes, the first order mode does not attain a finite group velocity as its phase velocity approaches an infinite value, i.e., at ϭ0. Instead, the group velocity continues to increase as the frequency decreases. This anomalous behavior can be justified based on the fact that at zero frequency there is no energy propagation and the same state exists at all points around the inner surface of the cylindrical cavity at all times. This manifests itself as an infinite group velocity, which explains the continuing rapid growth of the curve as the frequency decreases.
At very low frequencies, the group velocity curves for the zeroth and first order modes in the case of an elastic host display a different behavior than that of the higher order modes around their corresponding cutoff frequencies. To avoid any confusion, these two modes were not shown below ⍀ϭ3 in Fig. 5 . Their somewhat complicated mode structure at low frequencies is displayed separately in Fig. 6 . Initially, the first order mode exhibits a behavior similar to that of the corresponding rigid host mode described earlier, but switches over to the Rayleigh-type surface mode above ⍀Ϸ2.4. The zeroth order mode exhibits a complementary behavior. Initially, it follows the Rayleigh-type surface mode, but switches over to the first order fluid mode in a rigid host above the same normalized frequency of ⍀Ϸ2.4.
D. Mode coupling
The apparently rather complicated mode structure observed in Figs. 2-6 is the result of highly localized mode coupling between the two principal types of waves that can propagate around the fluid-filled hole. Figure 7 shows the schematic diagram of leaky Rayleigh wave propagation along the circumference of a fluid-filled cylindrical cavity illustrating both reradiated bulk and fluid waves. The reradiated bulk wave can be considered as a weak perturbation caused by the curvature of the surface. The resulting attenuation decreases with frequency as previously shown by the dash-dot-dash line in Fig. 4 . The reradiated fluid wave however is not lost as it will mode-convert back to the Rayleigh mode after crossing the hole and hitting the fluid-solid interface at exactly the Rayleigh angle. Figure 8 illustrates the schematic diagram of shear wave scattering from a fluidfilled cylindrical hole in an elastic solid, which is of particular interest in nondestructive testing applications. 1,2 By virtue of reciprocity, only those circumferential modes that are strongly attenuated by leaking into the elastic solid can be excited from within the solid. As it was demonstrated by the highlighted segments in Fig. 2 , these branches form a more or less continuous Rayleigh-type surface mode which radiates into the fluid at approximately the so-called Rayleigh angle. In comparison, creeping modes of very high phase velocity would radiate towards the center of the cylindrical cavity. Only one of the peripheral incident rays is shown, which excites this Rayleigh-type surface wave at point A. As this mode starts to propagate around the surface of the cavity, it leaks energy into the fluid at an angle equal to the Rayleigh angle R ͑for the case of aluminum-water R Ϸ30°). Let us consider the ray in the fluid which starts very close to point A and hits the opposite surface of the cylindrical cavity at point B after crossing the fluid-filled hole along the AB chord. This ray makes an angle of R with the normal to the tangent at point A and hits the surface of the cavity at an angle of incidence equal to R , therefore it will excite a Rayleigh surface wave that will propagate along the inner concave surface of the hole from point B. This mode is again a leaky Rayleigh wave that will reradiate its energy both into the bulk of the solid and into the enclosed fluid. The above process repeats itself for every ray reradiated into the fluid at subsequent points along the circumference of the cavity. The concentric circle of radius a sin R ϭac f /c R shown by the dotted line in Fig. 8 represents the approximate inner limit of the whispering gallery, i.e., the maximum depth of penetration for strong halo modes towards the center of the cylindrical cavity in the case of shear wave excitation from the outside. A natural similarity exists between this process and the phenomenon of whispering galleries discussed by Rayleigh. 20 One important distinction between the two phenomena is that in a classical whispering gallery the source is within the fluid column therefore the rays can hit the wall at any angle and not necessarily at the Rayleigh angle. When no surface waves are excited, essentially perfect specular reflection occurs. In the simple case of a rigid wall considered by Rayleigh, no acoustic coupling into the host can occur. Even in the case of an elastic host, the coupling is negligible except when the halo waves hit the surface at the Rayleigh angle when all of the incident energy mode-converts into the leaky Rayleigh mode. On a plane fluid-solid interface total internal reflection would occur, i.e., all the incident energy would be ultimately reradiated into the fluid without any loss to the bulk of the solid. In the case of a concave surface, some of the energy is lost to the bulk of the solid before it is reradiated into the fluid, therefore the circumferential modes become strongly attenuated by leakage into the bulk of the solid whenever phase matching occurs between the velocity of the halo modes and the Rayleigh-type surface mode. The highlighted portions of the dispersion curves presented in Fig. 2 represent regions where strong leaky Rayleigh waves are generated by the halo modes. This explains the obvious agreement between these portions of high attenuation and the leaky Rayleigh mode that would propagate around the free surface of the cylindrical hole. It takes a propagation time of a/c R for the Rayleigh mode to travel the semi-circumferential distance half-way around the cylindrical cavity. Of course, this wave is much more attenuated than the somewhat lagging second arrival which skipped once as a halo wave and propagated only the remaining 2 R a distance as a Rayleigh mode. The delay between these two principal waves can be calculated as follows
Similar calculations predicting the total time of travel of the backscattered rays from a longitudinal wave incident on a circular cylindrical cavity in an elastic solid were presented by Pao and Sachse. 23 Interference between these two components gives rise to periodically occurring strong attenuation at frequencies separated by ⌬ϭ2/⌬t, which can be expressed in a normalized form as
where we approximated the Rayleigh velocity simply with the shear velocity. For a water-filled cylindrical cavity in aluminum, from Eq. ͑5͒ we get ⌬⍀Ϸ4.2, which is in very good agreement with the periodicity of the attenuation peaks shown in Fig. 4 at high frequencies. The above approximations are very simple and consequently rather rough, but the resulting simplicity of the results more than compensates for the loss of rigor. Equations ͑4͒ and ͑5͒ are based on ray theory and relate to the very high frequencies where the attenuation peaks appear fairly periodically. Part of the energy of the leaky Rayleigh mode gets reradiated back into the fluid, thereby contributing again to the halo modes in the fluid. The rest of the energy ͑assuming ideal conditions and neglecting any losses associated with viscosity, friction and thermal conductivity͒ is lost to the surrounding infinite elastic medium, thereby causing these modes to be attenuated. This effect manifests itself in the attenuation curves as an increase in the normalized attenuation coefficient until it reaches a maximum value, after which it starts to decrease again. The falling part of the curves can be justified on the basis that as the frequency increases the wavelength becomes shorter and shorter compared to the radius of the cavity, thus approaching the case of a Rayleigh mode propagating along a plane surface that has no curvature. This allows more and more energy to be reradiated into the fluid within the cavity and less and less energy to the surrounding elastic solid. Consequently, the normalized attenuation coefficient decreases until the frequency becomes so high that plane surface conditions prevail and the modes become practically unattenuated by leakage into the solid host. It is important to note that, although the two cases of a non-dispersive Rayleigh mode propagating along a plane solid-fluid interface and a dispersive Rayleigh wave propagating around the surface of a fluid-filled cylindrical cavity in an elastic solid have some features in common, the attenuation mechanisms associated with them are very different. While the Rayleigh mode in the first case is attenuated by losing energy to the fluid, the attenuation in the second case is solely caused by reradiating energy to the surrounding infinite solid. This energy will be lost and never recovered, while the energy reradiated into the fluid-filled hole is continuously recovered. This behavior causes the frequency to have an opposite effect on the degree of leakage in the two cases.
Beside the decreasing leakage caused by the surface curvature at increasing frequencies, the reduction in the peaks of the normalized attenuation curves shown in Fig. 4 is also due to the decreasing actual propagation length along the interface. The effective propagation length before reradiation into the fluid occurs, which is related to the so-called Schoch displacement, becomes smaller and smaller as the frequency increases thereby reducing the possibility of losing energy to the elastic solid. This translates into a direct reduction in the maximum normalized attenuation coefficient of each successive halo resonance within the cavity.
III. CONCLUSIONS
In this paper, the problem of circumferential creeping waves propagating along the surface of a fluid-filled cylindrical cavity was numerically solved to obtain dispersion and attenuation curves for both rigid and elastic hosts. The characteristic equations for both cases were obtained by the previously published method of Rulf.
8 A better understanding of the physical nature of these modes was achieved by analyzing the obtained numerical results. It was found that the circumferential creeping modes around a fluid-filled cylindrical cavity exhibit a rather strange behavior. First, they follow the whispering gallery modes of the unloaded fluid column in a rigid host at low frequencies, then they are attracted by the Rayleigh mode propagating on the free surface of the cylindrical hole in the elastic host, and finally they tend towards the whispering gallery modes of the unloaded fluid column at high frequencies, but with a jump to the next higher order mode.
It has been confirmed that all but the lowest order two modes will have cutoff frequencies at which the phase velocity approaches infinity, the group velocity reaches a limiting value of c f /2 and the normalized attenuation is approximately equal to the reflection loss of plane waves at normal incidence. These cutoff frequencies correspond to pure radial compressional resonances in the fluid column and are similar to the well-known pure longitudinal and shear through-thickness resonances in the Lamb mode structure of elastic plates except for the non-zero group velocity brought about by the cylindrical configuration. Acoustic ray theory along with the concept of non-specular reflection at the Rayleigh angle were utilized to explain the dispersion and attenuation curves. The energy leaked into the fluid at the Rayleigh angle from the Rayleigh mode propagating around the surface of the cavity will hit the opposite surface in a series of reflections exciting leaky Rayleigh waves upon each encounter, which again reradiate most of their energy back into the fluid. The process is repeated until all the energy is lost to the bulk of the surrounding solid, which is the only attenuation mechanism in the case of the fluid-filled cylindrical cavity in an elastic medium. This is markedly different from what takes place in the case of leaky Rayleigh wave propagation along the plane surface of a solid half-space in contact with a fluid half-space, where the attenuation is caused solely by energy leakage into the fluid.
The presented conventional solution of the dispersion equation describes the behavior of the circumferential waves in the frequency domain. This form of the solution has great practical importance in narrow-band experiments when waves lasting for a very long time are utilized ͑e.g., tone bursts͒. Unfortunately, this form of the solution is not as useful in broadband experiments where pulses lasting for a very short time are used, such as those experiments done by Nagy et al. to detect fatigue cracks in weep holes. 1 To be more useful in the interpretation of this kind of experiments the solution of the problem will have to be obtained in the time domain using the Green's function method. In spite of their limited use in broadband experiments, the results obtained are of great importance as the conventional solution of a basic canonical problem and serve the purpose of deeper understanding some aspects of circumferential creeping wave propagation around fluid-filled cylindrical cavities.
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